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ABSTRACT
Collisionless shocks heat electrons in the solar wind, interstellar blast waves, and hot gas permeating
galaxy clusters. How much shock heating goes to electrons instead of ions, and what plasma physics
controls electron heating? We simulate 2-D perpendicular shocks with a fully kinetic particle-in-
cell code. For magnetosonic Mach number Mms ∼ 1–10 and plasma beta βp . 4, the post-shock
electron/ion temperature ratio Te/Ti decreases from 1 to 0.1 with increasingMms. In a representative
Mms = 3.1, βp = 0.25 shock, electrons heat above adiabatic compression in two steps: ion-scale
E‖ = E · bˆ accelerates electrons into streams along B, which then relax via two-stream-like instability.
The B-parallel heating is mostly induced by waves; B-perpendicular heating is mostly adiabatic
compression by quasi-static fields.
Keywords: Plasma astrophysics (1261), Space plasmas (1544), Planetary bow shocks (1246), Shocks
(2086)
1. INTRODUCTION
Electron heating in collisionless shocks – stated as
post-shock electron/ion temperature ratio Te/Ti – is
not constrained by magnetohydrodynamic (MHD) shock
jump conditions. How much do electrons heat, and how
do they heat? A prediction for Te/Ti can constrain mod-
els for gas accretion onto galaxy clusters (Avestruz et al.
2015), and cosmic ray acceleration in supernova rem-
nants (Helder et al. 2010; Yamaguchi et al. 2014; Hovey
et al. 2018). Detailed study of the electron heating
physics can also help us interpret new high-resolution
data from the Magnetospheric Multiscale Mission (Chen
et al. 2018; Goodrich et al. 2018; Cohen et al. 2019).
In the heliosphere, shocks of magnetosonic Mach num-
ber Mms & 2–3 heat electrons beyond adiabatic com-
pression via a two-step process: electrons accelerate in
bulk along B towards the shock downstream, then re-
lax into “flat-top” distributions in B-parallel velocity
(Feldman et al. 1982, 1983; Chen et al. 2018). Two
mechanisms – quasi-static direct current (DC) fields and
plasma waves – may drive B-parallel acceleration. In
the DC mechanism, an electric potential jump in the
shock layer (i.e., a quasi-static electric field that points
along shock normal) accelerates electrons in bulk (Feld-
man et al. 1983; Goodrich & Scudder 1984; Scudder
et al. 1986; Scudder 1996; Hull et al. 2001; Lefebvre
Corresponding author: Aaron Tran
aaron.tran@columbia.edu
et al. 2007; Schwartz 2014). The DC electron energy
gain scales with cos2 θ, where θ is the angle between B
and shock normal (Goodrich & Scudder 1984). We ex-
pect no heating in exactly planar perpendicular shocks,
but shock rippling from ion-scale waves (Lowe & Burgess
2003; Johlander et al. 2016; Hanson et al. 2019) can
bend B, alter θ, and enable DC heating. Plasma waves
with non-zero E‖ = E · bˆ, such as oblique whistlers, can
also provide electron bulk acceleration and thus heating
(Wilson et al. 2014a,b). Such plasma waves are intrinsic
to shock structure (Wilson et al. 2009, 2012; Krasnosel-
skikh et al. 2002; Dimmock et al. 2019) and may be
sustained by free energy from, e.g., shock-reflected ions
(Wu et al. 1984; Matsukiyo & Scholer 2006; Muschietti
& Lembe`ge 2017).
In this Letter, we study thermal electron heating in
multi-dimensional particle-in-cell (PIC) simulations of
perpendicular shocks with realistic structure (requir-
ing high ion/electron mass ratio mi/me (Krauss-Varban
et al. 1995; Umeda et al. 2012a, 2014)) and high grid
resolution to resolve electron scattering and relaxation
after B-parallel bulk acceleration.
2. METHOD
We simulate collisionless 2-D (x-y) ion-electron
shocks using the relativistic particle-in-cell (PIC) code
TRISTAN-MP (Buneman 1993; Spitkovsky 2005). We
inject plasma with velocity −u0xˆ and magnetic field
B0yˆ from the simulation domain’s right-side (upstream)
boundary. Injected plasma reflects from a conducting
wall at x = 0, forming a shock that travels towards +xˆ.
The shocked downstream plasma has zero bulk velocity,
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and the upstream B is perpendicular to the shock nor-
mal, so θ = 90◦. The simulation domain expands along
+xˆ to keep the right-side boundary & 1.5 rLi ahead
of the shock front (Sironi & Spitkovsky 2009, Sec. 2),
where rLi = u0/Ωi is a characteristic ion Larmor ra-
dius; we checked that shock heating physics is not artifi-
cally affected by the right-side boundary. Upstream ions
and electrons have equal density n0 and temperature
T0. The plasma frequencies ωp{i,e} =
√
4pin0e2/m{i,e}
and cyclotron frequencies Ω{i,e} = eB0/(m{i,e}c) where
subscripts i and e denote ions and electrons. We use
Gaussian CGS units throughout.
Our fiducial simulations have ion/electron mass ra-
tio mi/me = 625 and total plasma beta βp =
16pin0kBT0/B0
2 = 0.25. The fast magnetosonic,
sonic, and Alfve´n Mach numbers are Mms =
ush/
√
cs2 + vA2 = 1–10, Ms = ush/cs = 3–20,
and MA = ush/vA = 1.5–10. The sound speed
cs =
√
2ΓkBT0/(mi +me), Alfve´n speed vA =
B0/
√
4pin0(mi +me), and, ush is the speed of upstream
plasma in the shock’s rest frame; for non-relativistic
speeds, ush = u0/(1 − 1/r) where r ≤ 4 is the MHD
shock-compression ratio. The one-fluid adiabatic index
Γ is not known a priori, but it is set self-consistently by
the degree of ion and electron isotropization. We report
Mach numbers assuming Γ = 2, which overestimates
Mms by ∼1–10% for stronger shocks that isotropize
ions/electrons and have Γ ≈ 5/3.
The grid cell size ∆x = ∆y = 0.1c/ωpe and the
timestep ∆t = 0.045ωpe
−1 so that c = 0.45∆x/∆t.
Upstream plasma has 16 particles per cell per species.
We smooth the electric current with 32 sweeps of a
three-point binomial (“1-2-1”) filter at each timestep
(Birdsall & Langdon 1991, Appendix C). The N = 32
sweeps approximate a Gaussian filter with standard de-
viation
√
N/2 = 4 cells or 0.4c/ωpe. The filter’s half-
power cut-off is at wavenumber k ≈ √2/N(∆x)−1 =
2.5 (c/ωpe)
−1
, which implies 50% damping at wave-
lengths λ ≈ pi√2N∆ = 2.5 (c/ωpe). Electron-scale
waves may be damped, but we will later show that
electron-scale waves mainly scatter rather than heat.
We simulated 2-D Mms = 3.1, βp = 0.25 shocks with
4× larger or smaller sweep number N ; the ratio Te/Ti
did not change much. We adjust T0, u0, and B0 to con-
trol Mms and βp while keeping shocked electrons non-
relativistic; i.e., post-shock kBTe . 0.05mec2. The ratio
τ = ωpe/Ωe = 2.5–11 (τ  1 for solar wind and as-
trophysical settings). The transverse (y) width is 2.9–
5.8 c/ωpi = 720–1440 cells. Simulation durations are
10–20 Ωi
−1 = 932–2736 ωpi−1 so that post-shock Te/Ti
reaches steady state. The temperatures T{i,e}, T{i,e}‖,
and T{i,e}⊥ are moments of the particle distribution in
a 5N cell region, where N ∈ {1, 2, 3} is the domain di-
mensionality. The co-moving frame boost for moment
calculation uses a fluid velocity also averaged over 5N
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Figure 1. Overview of Mms = 3.1, βp = 0.25 shock at
t = 1253 ωpi
−1 = 14.2 Ωi−1. (a) Ion x-px phase-space distri-
bution for full domain, where px is ion x-momentum normal-
ized to upstream momentum miu0. (b) Ion density ni/n0
(black) and electromotive force φ(x) = − ∫ x∞Ex(x′)dx′ in
units of miush
2/2 (light blue). Both curves are 1-D volume-
weighted averages over y. The shock foot, ramp, and down-
stream are annotated. (c) Electric field Ex normalized to
upstream motional field u0B0/c with magnetic field lines
overlaid. B points up; i.e., along +yˆ. (d) Te/Ti, density-
weighted y average (black), compared to prediction for fluid
adiabatic electron heating defined in text (blue dotted). Or-
ange cross is starred measurement in Fig. 2(a); cross width is
measurement region, and cross height is standard deviation
over 2-D region delimited by cross width. An animation of
this figure in the online journal plots shows time evolution
from t = 0 to 1253 ωpi
−1 and demonstrates that the tem-
perature ratio Te/Ti stabilizes ∼3 c/ωpi downstream of the
shock ramp.
cells. All ‖- and ⊥-subscripted quantities are taken with
respect to local B.
Fig. 1 shows a representative simulation. Ions trans-
mit or reflect at the shock ramp (Fig. 1(a-b)). The
shock front is rippled (Fig. 1(c)). A net Ex poten-
tial exists across the shock, and Ex is also modulated
by the B rippling wavelength (Fig. 1(b-c)). Reflected
ions accelerate in the motional field Ez = u0B0/c be-
fore re-entering the shock (Leroy et al. 1982); this low-
ers Te/Ti in the shock foot (Fig. 1(d)). Electrons heat
above adiabatic expectation in the shock ramp and set-
tle to Te/Ti ≈ 0.4; no appreciable heating occurs after
the shock ramp (Fig. 1(d)). The fluid adiabatic predic-
tion in Fig. 1(d) is Te,ad/(Ti+Te−Te,ad), using measured
Ti and Te and assuming Te,ad = T0[1 + 2(n/n0)
Γ−1]/3
with Γ = 2.
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Figure 2. Post-shock Te/Ti dependence on Mms for vari-
ous setups. All panels: black curve is Te/Ti from fiducial 2-D
mi/me = 625, βp = 0.25 shocks. Dotted curves are expected
Te/Ti from MHD shock jump conditions, assuming adiabatic
electron heating alone. (a): Varying geometry. 2-D domain
with out-of-plane B0zˆ (triangles) and 1-D domain (hollow
circles). Starred datum appears in Figs. 1, 3–4. Error bars
on black curve are standard deviation of Te/Ti within mea-
surement region. (b): 1-D domain, varying θ. Darkest hol-
low circles (θ = 90◦) same as (a). (c): 2-D domain, varying
mi/me. Dashed cyan curve with square markers comprises 3-
D mi/me = 49 simulations. (d): 2-D domain, mi/me = 49,
varying βp. Dotted curves are adiabatic expectation as in
panels (a-c), with βp increasing from left to right. (e): Com-
parison to solar wind bow shock measurements at Earth (or-
ange circles) (Schwartz et al. 1988) and Saturn (blue crosses)
(Masters et al. 2011) as compiled by (Ghavamian et al. 2013).
Five Saturn measurements with Mms > 20 are not shown.
3. SHOCK PARAMETER SCALING
We measure post-shock Te/Ti (Fig. 1(c)) as a function
of Mms for many simulations with varying dimension-
ality, magnetic field orientation θ, mi/me, and βp. We
also adjust domain width, particle resolution, and cur-
rent smoothing to control noise and computing cost. In
simulations with θ < 90◦, the right-side boundary ex-
pands at max (ush, 0.5c cos θ) to retain shock-reflected
electrons streaming along B.
We show the post-shock Te/Ti for our fiducial 2-D
mi/me = 625 shocks with in-plane upstream magnetic
field B0yˆ in Fig. 2(a). These fiducial simulations are
converged in Te/Ti with respect to transverse (y) width.
For perpendicular shocks, we find that electron heat-
ing beyond adiabatic compression requires 2-D geometry
with in-plane B. Corresponding 2-D simulations with
out-of-plane B (along zˆ) and 1-D simulations heat elec-
trons by compression alone (Fig. 2(a)). AtMms ∼ 5–10,
the 2-D simulations with out-of-plane B and 1-D simu-
lations show weak super-adiabatic heating in the shock
layer, but the Te/Ti measurement is also less precise
due to numerical heating. Shimada & Hoshino (2000,
2005) saw strong electron heating in 1-D perpendicular
mi/me = 20 shocks due to Buneman instability between
shock-reflected ions and incoming electrons. The higher
mi/me = 625 suppresses the Buneman instability in our
1-D shocks.
Can DC heating in a 2-D rippled shock – i.e., varying
local magnetic field angle due to self-generated waves –
explain the super-adiabatic electron heating seen in our
fiducial 2-D simulations? To estimate the DC heating
from varying θ, we perform 1-D oblique shock simula-
tions with varying θ < 90◦ (Fig. 2(b)); recall that θ
is the angle between B and shock normal. The 1-D
setup keeps quasi-static shock structure (averaged over
shock reformation cycles) and should retain DC heating
while excluding waves oblique to the shock normal. We
do find super-adiabatic heating in 1-D oblique shocks.
Electrons heat more for lower θ, which is qualitatively
consistent with DC field heating (Goodrich & Scudder
1984). For our representative Mms = 3.1 shock, which
has local ripple θ & 80◦ (Fig. 4(f)), the DC heating in-
ferred from 1-D oblique shock simulations appears too
low to explain the full amount of super-adiabatic heating
(Fig. 2(b, box)).
Our fiducial 2-D perpendicular shocks appear con-
verged in mass ratio at mi/me ∼ 200–625 (Fig. 2(c)),
consistent with prior simulations (Umeda et al. 2012a,
2014) and theory (Krauss-Varban et al. 1995). For
mi/me = 20–625, 2-D shocks agree on Te/Ti to within
a factor of 2–3. A set of 3-D mi/me = 49 simulations
with narrower transverse width, 2.7c/ωpi, shows good
agreement too. Agreement between 2-D and 3-D for
mi/me = 49 suggests that 2-D simulations with in-plane
B include the essential physics for electron heating.
To see how heating depends on βp, we reduce mi/me
to 49 and sweep βp over 0.125–4 (Fig. 2(d)). Electron
heating increases above adiabatic at Mms ∼ 2–3 for all
βp. At Mms ∼ 3–5 and βp ≤ 1, two-step B-parallel
electron heating (which we describe below) operates for
all βp . 1. At Mms ∼ 3–5 and βp & 2, a distinct
electron cyclotron whistler instability is expected to heat
electrons instead (Guo et al. 2017, 2018). At Mms &
5, shock structure is more complex, which we do not
explore here. The relationship between Te/Ti and Mms
does not appear to depend on βp for Mms & 4.
Our fiducial Te/Ti–Mms data are order-of-magnitude
consistent with measurements from solar wind bow
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shocks (Fig. 2(e)), replotted from Ghavamian et al.
(2013). The Saturn data are uncertain in both Te/Ti
and Mms due to a lack of ion temperature measure-
ments from Cassini (Masters et al. 2011), so Mms =
0.671MA (equivalent to βp ∼ 1.5) is assumed follow-
ing Ghavamian et al. (2013); we note βp ∼ 1.5 is a
typical value (Richardson 2002). The Earth data have
βp ∼ 0.1–1 and use directly measured ion and electron
temperatures from the ISEE spacecraft (Schwartz et al.
1988). Both datasets are mostly quasi-perpendicular,
with a majority of shocks having 50◦ < θ < 90◦
(Schwartz et al. 1988; Masters et al. 2011).
4. ELECTRON HEATING PHYSICS
For further study, we choose the weakest 2-D mi/me =
625, βp = 0.25 shock with significant super-adiabatic
heating: our representative Mms = 3.1 simulation
(Fig. 1, 2(a)). We redo this simulation with higher
resolution: ∆x = ∆y = 0.05 c/ωpe (keeping c =
0.45∆x/∆t), 64 particles per cell per species, and 64
current filter passes per timestep. The current fil-
ter approximates a Gaussian with standard deviation
∼5.7 cells or 0.28c/ωpe; the filter’s half-power cut-off is
at wavenumber k ≈ 3.5 (c/ωpe)−1, which means 50%
damping at wavelength λ ≈ 1.8c/ωpe. We then select
all 15898 electron particles between x = 8.00–8.02 c/ωpi
at t′ ≡ t− 324 ωpi−1 = 0, located 4 c/ωpi = 2 rLi ahead
of the shock ramp, and monitor their phase space evolu-
tion (Fig. 3) and energy gain (Fig. 4) through the shock.
The perpendicular upstream B confines particles within
a narrow magnetic flux tube and prevents particle drift
from downstream to upstream.
Elongated, ion-scale E‖ waves accelerate electrons
along B in the shock foot and ramp. These waves
have |E‖|/(u0B0/c) ∼ 0.2–0.6 and wavelength λy ∼
2c/ωpi ∼ rLi (Fig. 3(a), arrow); we attribute this E‖
to very oblique whistler waves (i.e., magnetosonic /
lower hybrid branch) with fluctuating Ex  Ey, Ez and
By, Bz > Bx, as identified by prior PIC studies (Mat-
sukiyo & Scholer 2003; Hellinger et al. 2007; Matsukiyo
& Scholer 2006; Umeda et al. 2012b). A stronger bipolar
ion-scale |E‖|/(u0B0/c) & 0.5 (Fig. 3(b), arrow) strad-
dles clumps of shock-reflected ions and also accelerates
electrons. Accelerated electrons appear as coherent de-
flections in γβ‖–y phase space (Fig. 3(g-h), arrows) that
disrupt and relax via two-stream-like instability. Local
y-regions develop asymmetric and transiently unstable
γβ‖ distributions (Fig. 3(q,v,x)). Electron relaxation
generates strong and rapid electron-scale E‖ waves and
phase-space holes with λy ∼ c/ωpe (Fig. 3(b,g,i), boxes)
(cf. An et al. 2019) Landau damping is evidenced by flat-
tened distributions at γβ‖ ∼ 0.2 (Fig. 3(k-l)). Electrons
relax to near isotropy by t′ ∼ 140 ωpi−1 (Fig. 3(j,o,t,y)).
Prior 2-D PIC simulations have shown similar two-step
B-parallel heating in a shock foot setup (periodic inter-
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Figure 3. Phase space time evolution (left to right) of
electron sample in Mms = 3.1, βp = 0.25 shock. (a-e): E‖
normalized to upstream motional field u0B0/c with electron
sample overlaid (green dots). Colormap saturates on small-
scale waves. (f-j): γβ‖–y phase space of electron sample.
Green vertical lines mark γβ‖ = 0. (k-o): 1-D γβ{‖,⊥} dis-
tribution of full electron sample. Thick blue curve is γβ‖;
orange curve is γβ⊥. (p-t): like (k-o), but only electrons
within y = 1.7–3.1 c/ωpi. (u-y): like (k-o), but only elec-
trons within y = 0.6–1.4 c/ωpi. Here γ = 1/
√
1− β2 and
β{‖,⊥} = v{‖,⊥}/c. Arrows and boxes discussed in text.
penetrating beams) (Matsukiyo & Scholer 2006) and in
full shocks (Umeda et al. 2011, 2012b).
E‖ is the main source of non-adiabatic electron heat-
ing (Fig. 4(a)). We decompose the sample electrons’
mean energy gain Wtot into parallel and perpendicular
work, W‖ = −e〈
∫
E‖v‖dt〉 and W⊥ = −e〈
∫
E⊥v⊥dt〉,
integrated for every particle over every code timestep
∆t such that Wtot = W‖ + W⊥. Angle brackets are
particle averages. We estimate the adiabatic heating as
W⊥,ad = 〈
∑
n(γn→n+1,ad − γn)mec2〉, where
γn→n+1,ad =
√
1 +
(
γβ‖
)2
n
+ (γβ⊥)
2
n (Bn+1/Bn) (1)
captures electron heating from compression between
timesteps n and n+ 1.
In Eqn. (1), we assume (γβ⊥)2n/Bn and (γβ‖)n are
constant during compression; γ, β‖, and β⊥ are eval-
uated in the electron fluid’s rest frame. The sum in
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Figure 4. Mean work done on electron sample over time,
normalized to upstream ion drift kinetic energy. Vertical
dotted lines are snapshot times in Fig. 3. Faded curves in
(b,e,f,g) same as (a). Shaded regions are estimated error on
coarse-timestep integrated quantities. (a): Decomposition
into W‖, W⊥ and adiabatic work W⊥,ad. (b): High-frequency
electric field work. (c): Particle-averaged adiabatic moment
p⊥2/B, scaled to mean upstream value. (d): Magnetic field
tilt ψ = tan−1
(
Bx/
√
By
2 +Bz
2
)
with respect to y-z plane.
Black curve is particle average 〈ψ〉; purple curves are 25th,
50th (median), and 75th percentiles. (e): Parallel, induc-
tion, ∇B, inertial, and polarization work. Dark-gray region
is error for sum of drift work; light-gray region is error for
Wtot,out. (f): DC-like drift work, defined in text. (g): Par-
allel work contributions from Ex, Ey, and Ez, as defined in
text. The y-axis is offset from (a-b,e-f).
W⊥,ad uses a coarse output timestep ∆tout = 400 ∆t =
9 ωpe
−1.
The non-adiabatic perpendicular work can be ex-
plained by high-frequency scattering of electron paral-
lel energy into perpendicular energy (Fig. 4(b)). We
Fourier-space filter Ex, Ey, and Ez to isolate wavenum-
bers ky > (c/ωpe)
−1
and then construct E⊥,HF and
E‖,HF by projecting the Fourier-filtered fields onto lo-
cal B. Then, W⊥,HF = −e〈
∑
E⊥,HFv⊥∆tout〉 and
W‖,HF = −e〈
∑
E‖,HFv‖∆tout〉. We find that W⊥,HF
and W⊥ −W⊥,ad agree to ∼ 10%, suggesting that non-
adiabatic W⊥ comes from electron-scale scattering of
parallel energy. Exact agreement is not expected due
to the coarse timestep ∆tout and the arbitrary ky cut.
The particle-averaged adiabatic moment p⊥2/B grows
in steps that correlate with increases in Wtot and
W‖. Bulk acceleration at t′ = 84.6 ωpi−1 and t′ =
107.3 ωpi
−1 coincides with momentarily constant p⊥2/B
and increasing W‖ prior to a scattering episode. Then,
p⊥2/B increases during strong electron scattering at
t′ = 89.6 ωpi−1 and 112.3 ωpi−1 while W‖ flattens off
(Fig. 3, Fig. 4(a,c)).
Fig. 4(e) shows mean work from grad B, inertial, and
polarization drifts, as well as ∂B/∂t induction work;
see Northrop (1961, 1963); Goodrich & Scudder (1984);
Dahlin et al. (2014); Rowan et al. (2019). Each Wdrift =
−e〈∑E · vdrift∆tout〉, where vdrift is one of:
v{∇B,inert,pol} = −γmec
eB
bˆ×
{
v⊥2
2B
∇B, v‖ dbˆ
dt
,
dvE
dt
}
,
with γ and v⊥ evaluated in the electron fluid’s rest
frame. We take vE = 〈cE × B/B2〉 to reduce noise;
otherwise, the vdrift terms use E and B fields seen by
individual particles. The d/dt terms are one-sided finite
differences; e.g., dvE/dt = [(vE)n+1 − (vE)n]/∆tout.
And, Winduct = γmev⊥2(∂B/∂t)/(2B), with ∂B/∂t =
[Bn+1(rn) − Bn−1(rn)]/(2∆tout) and rn the particle
position at timestep n. We find that grad B drift
and induction together give fluid-like adiabatic compres-
sion. Inertial and polarization drifts give less work, but
some other electron samples have Winert comparable to
W∇B (Appendix A). We compare the summed drifts to
Wtot,out = −e〈
∑
E · v∆tout〉. We conclude that Wtot
agrees with both the summed drift work and Wtot,out,
given uncertainty from both the guiding-center drift ap-
proximation and the coarse integration timestep.
Earlier, we argued that DC heating alone may not
explain all super-adiabatic heating in our fiducial 2-
D shock, based on downstream volume-averaged Te/Ti
(Figs. 1(c), 2(b)). So, Fig. 4(f) estimates DC-like
work as W drift = −e
∑〈E〉 · 〈vdrift〉∆tout and W ‖ =
−e∑〈E‖〉〈v‖〉∆tout. The E average removes waves
along yˆ to keep only 1-D-like shock fields. The vdrift
average gives a mean drift trajectory and mostly dis-
cards gyration. The DC-like parallel work W ‖ goes to
zero, and the DC-like contribution to super-adiabatic
heating appears small. Fluid-like adiabatic compres-
sion is preserved in Winduct + W∇B . Fig. 4(g) sepa-
rates Ex, Ey, and Ez contributions to W‖ as W‖,Ei =
−e〈∑Eibiv‖∆tout〉, where i = x, y, z and bi is the i-th
component of bˆ. Ey gives parallel heating, whereas Ex
and Ez cause parallel cooling.
The quantities W⊥,ad, W{‖,⊥},HF, Wdrift, Wtot,out,
W drift, W ‖, and W‖,Ei are integrated with coarse
timestep ∆tout and converged at the ∼10% level. The
error regions in Fig. 4(a,b,e) are defined in Appendix B.
5. CONCLUSION
We have measured Te/Ti in 2-D PIC simulations of
perpendicular shocks to inform models of astrophysi-
cal systems lacking direct Te or Ti measurements. In
a Mms = 3.1, βp = 0.25 rippled shock, quasi-static
DC fields provide fluid-like adiabatic heating, and most
super-adiabatic heating is from ion-scale E‖ waves.
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APPENDIX
Figure 5. Movie still: electron sample at t′ = 89.6 ωpi−1
plotted over ion density ni, parallel electric field E‖, and
electric field component Ex; same sample from Figs. 3 and
4. An animation of this figure from t′ = 54 to 180 ωpi−1. is in
the online journal. The ion density ni is scaled to upstream
density n0, and the electric field components are scaled to
upstream motional electric field magnitude u0B0/c. The E‖
colormap spans [−1,+1] and saturates on small-scale waves,
despite being a wider range than Fig. 3.
A. MORE VIEWS OF ELECTRON SAMPLE
HEATING
Figs. 5 and 6 present two movies, available online, of
our electron sample traversing the shock front.
In Fig. 7, we show the work decomposition from Fig. 4
for many electron samples. At t′ = 0 ωpi−1, we selected
all electrons in the regions x ∈ [5.60, 5.62]c/ωpi, x ∈
[6.00, 6.02]c/ωpi, and so on with even spacing 0.4c/ωpi
to get seventeen electron particle samples of similar size.
Fig. Set 7. Electron Work Decomposi-
tion
B. CONVERGENCE IN ELECTRON WORK
SUMMATION
Several quantities in Figure 4 are summed with a
coarse timestep ∆tout = 400∆t = 9 ωpe
−1, namely:
W⊥,ad, W⊥ − W⊥,ad, W⊥,HF, W‖,HF, Winduct, W∇B,
Winert, Wpol, Wtot,out, W∇B, W inert, W pol, W ‖, W‖,Ex,
W‖,Ey, and W‖,Ez. To check convergence, we downsam-
ple in time each quantity’s summand by 4 and compute
an error δf at discrete time tn as:
δf(tn) = max
{∣∣f(tm)− f1/4(tm)∣∣ | 0 ≤ m ≤ n} (B1)
where f1/4 is the 4× downsampled version of f . Thus
δf is strictly non-decreasing with tn. The error regions
defined by Eq. B1 are plotted as shaded areas in Figs. 4
and 7.
Fig. 8 shows curves with 2, 4, 8× downsampling for the
seventeen distinct electron samples of Fig. 7, including
the sample shown in Fig. 4.
Figure 6. Movie still: electron sample phase space at
t′ = 89.6 ωpi−1, with more detail than Fig. 3. An animation
of this figure from t′ = 54 to 180 ωpi−1. is in the online
journal. The momentum component γβ⊥,1 is the projection
along (bˆ×−xˆ)×bˆ, and the component γβ⊥,2 is the projection
along bˆ×−xˆ. Because the local magnetic field unit vector bˆ
mostly orients along yˆ, the components ⊥, 1 and ⊥, 2 roughly
correspond to −xˆ and +zˆ so that (⊥, 1; ⊥, 2; ‖) form a right-
handed coordinate system. In the 1-D phase space plots, the
light green curve is an isotropic Maxwell-Ju¨ttner distribution
with same mean energy as the electrons. The E‖ colormap
is the same as in Fig. 5.
Fig. Set 8. Electron Work Conver-
gence
C. TRANSVERSE WIDTH CONVERGENCE
Fig. 9 shows that our fiducial 2-D simulations are con-
verged with respect to transverse width. Most of the
varying transverse width simulations are not listed in
Table 1. ForMms = 9.1 only, the 1-D simulation uses a
slightly higher upstream temperature than the 2-D sim-
ulations, so the ratio Ωi/ωpi differs between 1-D and 2-
D. In this case, we matched times based on Ωi
−1 rather
than ωpi
−1.
D. SIMULATION PARAMETERS
Table 1 contains input parameters, derived shock pa-
rameters, run durations, and downstream temperature
measurements for all simulations in our manuscript. The
first row is the high-resolution run used in Figs. 3 and 4;
the remaining rows are presented in Fig. 2. A machine-
readable version of Table 1, in comma-separated value
(CSV) ASCII, is available in the online journal. Below,
we define all table columns.
• mi me is the ion-electron mass ratio mi/me.
• theta and phi specify the upstream magnetic field
orientation, measured in the simulation frame. θ
is the angle between B and the x-coordinate axis.
ϕ is the angle between the y-z plane projection of
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Figure 7. Like Fig. 4(a-b,e-g), but for multiple electron
samples traversing the shock at different times. Left and
right: first and last samples tracked. Middle (green box):
sample shown in Figs. 3 and 4. Column titles indicate the
sample’s location at t′ = 0 ωpi−1. The complete figure (17
samples) is available in the online journal.
B and the z-coordinate axis. To visualize these
angles, see Fig. 1 of Guo et al. (2014), but note
that their ϕB = pi/2 − ϕ is the complement of
our ϕ. For all our simulations, θ corresponds to
the angle between B and shock normal. The 2-
D simulations with in-plane B have θ = 90◦ and
ϕ = 90◦. The 2-D simulations with out-of-plane
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Figure 8. Like Fig. 7, but showing the numerical conver-
gence of all quantities integrated with the coarse timestep
∆tout, listed in text. For each quantity, we increase the sam-
ple spacing ∆tout by 2×, 4×, and 8× and plot the down-
sampled integration with progressively decreasing opacity.
The complete figure (17 samples) is available in the online
journal.
B (i.e., B along zˆ) have θ = 90◦ and ϕ = 0◦. The
1-D simulations with obliqueB have have θ < 90◦.
• my and mz are the numbers of grid cells along yˆ
and zˆ. Our 2-D simulations have mz = 1, and 1-D
simulations have my = mz = 1.
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Figure 9. Fiducial 2-D simulations are converged with respect to transverse width. Black curves are fiducial 2-D mi/me = 625,
βp = 0.25 simulations from Fig. 2(a). Colored curves are same shock parameters with varying input my, as defined in Table 1.
A time range is given because simulation output times do not match exactly.
• betap, Ms, Ma, and Mms are the shock plasma beta
βp, sonic Mach numberMs, Alfve´n Mach number
MA, and fast magnetosonic Mach number Mms.
These numbers are derived from TRISTAN-MP
input parameters sigma, delgam, and u0 (defined
just below). First, the total plasma beta is:
βp =
4γ0∆γi
σ (γ0 − 1) (1 +me/mi)
where γ0 = 1/
√
1− (u0/c)2 is the Lorentz fac-
tor of the upstream flow in the simulation frame.
The sonic Mach number depends on the upstream
plasma speed in the shock’s rest frame:
Ms = ush
cs
=
u0
(1− 1/r (Ms)) cs
and we solve this implicit expression for Ms (and
thus also ush) using an input u0 and assumed fluid
adiabatic index Γ = 2 (note that Γ enters into
both the Rankine-Hugoniot expression for MHD
shock compression ratio r and the sound speed
cs). Once Ms and ush are known, MA and Mms
are known as well. This procedure for estimating
shock parameters is taken directly from Guo et al.
(2017).
• sigma is the magnetization, a ratio of upstream
magnetic and kinetic enthalpy densities:
sigma = σ ≡ B0
2
4pi (γ0 − 1) (mi +me)n0c2 .
• delgam is the upstream plasma temperature,
scaled by ion rest energy:
delgam = ∆γi ≡ kBT0
mic2
.
• u0 is the upstream plasma velocity, scaled by speed
of light:
u0 ≡ u0/c
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• ppc0 is number of particles (both electrons and
ions) per cell in the upstream plasma.
• c omp is the number of grid cells per electron skin
depth c/ωpe.
• ntimes is the number of current filter passes.
• dur is the simulation duration in units of upstream
ion cyclotron time Ωi
−1.
• Te Ti is our measurement of downstream tempera-
ture ratio Te/Ti. As described in the main text, we
manually choose a downstream region that is min-
imally affected by the left-side reflecting wall and
the right-side shock front relaxation. Our mea-
surement of Te/Ti uses downsampled grid output
of the particle temperature tensor; however, the
temperature tensor itself is calculated for each grid
cell using the full particle distribution in a 5N cell
region, where N ∈ {1, 2, 3} is the domain dimen-
sionality.
• Te Ti std is the standard deviation of Te/Ti
within the downstream region that we consider.
Like Te Ti, downsampled grid output is used for
this estimate.
• Te and Ti are the downstream electron and
ion temperatures scaled to their respective rest
masses; i.e., kBTe/(mec
2) and kBTi/(mic
2). We
measure all of Te, Ti, and Te Ti in the same
manually-chosen downstream region.
Perpendicular shock electron heating (draft, August 24, 2020) 13
T
a
b
le
1
.
S
im
u
la
ti
o
n
in
p
u
t
p
a
ra
m
et
er
s,
d
er
iv
ed
sh
o
ck
p
a
ra
m
et
er
s,
ru
n
d
u
ra
ti
o
n
,
a
n
d
d
ow
n
st
re
a
m
te
m
p
er
a
tu
re
m
ea
su
re
m
en
ts
.
C
o
lu
m
n
s
a
re
d
efi
n
ed
in
A
p
p
en
d
ix
D
.
m
i
m
e
t
h
e
t
a
p
h
i
m
y
m
z
b
e
t
a
p
M
s
M
a
M
m
s
s
i
g
m
a
d
e
l
g
a
m
u
0
p
p
c
0
c
o
m
p
n
t
i
m
e
s
d
u
r
T
e
T
i
T
e
T
i
s
t
d
T
e
T
i
6
2
5
9
0
9
0
2
4
0
0
1
0
.2
5
0
6
.8
6
3
.4
3
3
.0
7
4
.7
8
5
4
E
−
1
8
.0
9
4
4
E
−
6
2
.3
2
4
5
E
−
2
1
2
8
2
0
6
4
6
.7
··
·
··
·
··
·
··
·
6
2
5
9
0
9
0
7
2
0
1
0
.2
5
1
3
.0
0
1
.5
0
1
.3
4
1
.0
1
1
7
E
+
1
1
.6
1
8
9
E
−
5
7
.1
5
0
2
E
−
3
3
2
1
0
3
2
2
0
.1
8
.5
3
E
−
1
1
.3
8
E
−
1
1
.2
9
E
−
2
2
.4
3
E
−
5
6
2
5
9
0
9
0
1
4
4
0
1
0
.2
5
0
4
.0
0
2
.0
0
1
.7
9
2
.3
7
7
4
E
+
0
1
.6
1
8
9
E
−
5
1
.4
7
4
9
E
−
2
3
2
1
0
3
2
1
5
.0
5
.5
9
E
−
1
2
.3
3
E
−
1
1
.7
4
E
−
2
4
.9
6
E
−
5
6
2
5
9
0
9
0
9
6
0
1
0
.2
5
0
5
.0
0
2
.5
0
2
.2
4
1
.1
2
3
7
E
+
0
1
.1
3
3
2
E
−
5
1
.7
9
4
9
E
−
2
3
2
1
0
3
2
2
0
.1
4
.5
2
E
−
1
1
.6
9
E
−
1
1
.9
6
E
−
2
6
.9
2
E
−
5
6
2
5
9
0
9
0
1
2
0
0
1
0
.2
5
0
6
.8
6
3
.4
3
3
.0
7
4
.7
8
5
4
E
−
1
8
.0
9
4
4
E
−
6
2
.3
2
4
5
E
−
2
3
2
1
0
3
2
1
4
.2
3
.6
5
E
−
1
1
.2
8
E
−
1
2
.8
3
E
−
2
1
.2
4
E
−
4
6
2
5
9
0
9
0
1
4
4
0
1
0
.2
5
0
9
.9
9
4
.9
9
4
.4
7
1
.9
9
6
8
E
−
1
4
.8
5
6
6
E
−
6
2
.7
8
7
3
E
−
2
3
2
1
0
3
2
1
2
.1
3
.1
8
E
−
1
1
.2
2
E
−
1
3
.6
5
E
−
2
1
.8
3
E
−
4
6
2
5
9
0
9
0
1
4
4
0
1
0
.2
5
0
1
5
.1
9
7
.6
0
6
.7
9
8
.1
4
0
2
E
−
2
1
.6
1
8
9
E
−
6
2
.5
2
0
5
E
−
2
3
2
1
0
3
2
1
0
.0
2
.9
7
E
−
1
1
.2
2
E
−
1
2
.8
0
E
−
2
1
.5
1
E
−
4
6
2
5
9
0
9
0
1
4
4
0
1
0
.2
5
0
2
0
.3
7
1
0
.1
8
9
.1
1
4
.4
3
9
8
E
−
2
8
.0
9
4
4
E
−
7
2
.4
1
3
3
E
−
2
3
2
1
0
3
2
9
.8
1
.9
8
E
−
1
5
.9
9
E
−
2
1
.8
3
E
−
2
1
.4
7
E
−
4
6
2
5
9
0
0
1
4
4
0
1
0
.2
5
1
3
.0
0
1
.5
0
1
.3
4
1
.0
1
1
7
E
+
1
1
.6
1
8
9
E
−
5
7
.1
5
0
2
E
−
3
3
2
1
0
3
2
1
9
.0
8
.6
2
E
−
1
1
.2
0
E
−
1
1
.3
0
E
−
2
2
.4
2
E
−
5
6
2
5
9
0
0
1
4
4
0
1
0
.2
5
0
4
.0
0
2
.0
0
1
.7
9
2
.3
7
7
4
E
+
0
1
.6
1
8
9
E
−
5
1
.4
7
4
9
E
−
2
3
2
1
0
3
2
1
9
.9
4
.7
1
E
−
1
1
.7
8
E
−
1
1
.6
0
E
−
2
5
.4
2
E
−
5
6
2
5
9
0
0
1
4
4
0
1
0
.2
5
0
5
.0
0
2
.5
0
2
.2
4
1
.1
2
3
7
E
+
0
1
.1
3
3
2
E
−
5
1
.7
9
4
9
E
−
2
3
2
1
0
3
2
1
5
.0
2
.4
9
E
−
1
1
.2
8
E
−
1
1
.2
4
E
−
2
7
.9
3
E
−
5
6
2
5
9
0
0
1
4
4
0
1
0
.2
5
0
7
.0
0
3
.5
0
3
.1
3
4
.5
4
9
3
E
−
1
8
.0
9
4
4
E
−
6
2
.3
8
4
0
E
−
2
3
2
1
0
3
2
1
5
.2
1
.0
7
E
−
1
5
.4
5
E
−
2
1
.0
2
E
−
2
1
.5
4
E
−
4
6
2
5
9
0
0
1
4
4
0
1
0
.2
5
0
1
0
.0
0
5
.0
0
4
.4
7
1
.9
9
1
2
E
−
1
4
.8
5
6
6
E
−
6
2
.7
9
1
2
E
−
2
3
2
1
0
3
2
9
.8
4
.4
8
E
−
2
2
.3
0
E
−
2
6
.8
2
E
−
3
2
.4
4
E
−
4
6
2
5
9
0
0
1
4
4
0
1
0
.2
5
0
1
5
.0
0
7
.5
0
6
.7
1
8
.3
5
8
0
E
−
2
1
.6
1
8
9
E
−
6
2
.4
8
7
4
E
−
2
3
2
1
0
3
2
8
.5
2
.5
4
E
−
2
2
.4
3
E
−
2
3
.1
1
E
−
3
1
.9
6
E
−
4
6
2
5
9
0
9
0
1
1
0
.2
5
1
3
.0
0
1
.5
0
1
.3
4
1
.0
1
1
7
E
+
1
1
.6
1
8
9
E
−
5
7
.1
5
0
2
E
−
3
5
1
2
1
0
3
2
4
0
.0
8
.5
2
E
−
1
1
.0
5
E
−
1
1
.3
2
E
−
2
2
.4
7
E
−
5
6
2
5
9
0
9
0
1
1
0
.2
5
0
4
.0
0
2
.0
0
1
.7
9
2
.3
7
7
4
E
+
0
1
.6
1
8
9
E
−
5
1
.4
7
4
9
E
−
2
5
1
2
1
0
3
2
4
0
.0
4
.2
8
E
−
1
1
.8
6
E
−
1
1
.5
8
E
−
2
5
.9
2
E
−
5
6
2
5
9
0
9
0
1
1
0
.2
5
0
5
.0
0
2
.5
0
2
.2
4
1
.1
2
3
7
E
+
0
1
.1
3
3
2
E
−
5
1
.7
9
4
9
E
−
2
5
1
2
1
0
3
2
2
5
.2
2
.3
6
E
−
1
8
.4
0
E
−
2
1
.2
4
E
−
2
8
.4
0
E
−
5
6
2
5
9
0
9
0
1
1
0
.2
5
0
7
.0
0
3
.5
0
3
.1
3
4
.5
4
9
3
E
−
1
8
.0
9
4
4
E
−
6
2
.3
8
4
0
E
−
2
5
1
2
1
0
3
2
2
5
.0
1
.0
1
E
−
1
3
.8
7
E
−
2
1
.0
2
E
−
2
1
.6
1
E
−
4
6
2
5
9
0
9
0
1
1
0
.2
5
0
1
0
.0
0
5
.0
0
4
.4
7
1
.9
9
1
2
E
−
1
4
.8
5
6
6
E
−
6
2
.7
9
1
2
E
−
2
5
1
2
1
0
3
2
1
5
.2
5
.0
2
E
−
2
3
.4
4
E
−
2
7
.0
3
E
−
3
2
.2
4
E
−
4
6
2
5
9
0
9
0
1
1
0
.2
5
0
1
5
.0
0
7
.5
0
6
.7
1
8
.3
5
8
0
E
−
2
1
.6
1
8
9
E
−
6
2
.4
8
7
4
E
−
2
1
0
2
4
1
0
3
2
1
5
.1
2
.3
8
E
−
2
1
.5
7
E
−
2
2
.8
5
E
−
3
1
.9
2
E
−
4
6
2
5
9
0
9
0
1
1
0
.2
5
0
2
0
.0
0
1
0
.0
0
8
.9
4
4
.6
0
8
0
E
−
2
1
.1
3
3
2
E
−
6
2
.8
0
2
7
E
−
2
2
0
4
8
1
0
3
2
1
0
.1
1
.3
5
E
−
2
1
.1
8
E
−
2
2
.0
5
E
−
3
2
.4
3
E
−
4
6
2
5
8
5
9
0
1
1
0
.2
5
1
3
.0
0
1
.5
0
1
.3
4
1
.0
1
1
7
E
+
1
1
.6
1
8
9
E
−
5
7
.1
5
0
2
E
−
3
2
0
4
8
1
0
6
4
4
0
.0
9
.1
5
E
−
1
7
.9
6
E
−
2
1
.3
6
E
−
2
2
.3
8
E
−
5
6
2
5
8
5
9
0
1
1
0
.2
5
0
4
.0
0
2
.0
0
1
.7
9
2
.3
7
7
4
E
+
0
1
.6
1
8
9
E
−
5
1
.4
7
4
9
E
−
2
2
0
4
8
1
0
6
4
4
0
.0
4
.9
1
E
−
1
1
.6
1
E
−
1
1
.7
0
E
−
2
5
.5
4
E
−
5
6
2
5
8
5
9
0
1
1
0
.2
5
0
5
.0
0
2
.5
0
2
.2
3
1
.1
2
3
7
E
+
0
1
.1
3
3
2
E
−
5
1
.7
9
4
9
E
−
2
2
0
4
8
1
0
6
4
2
5
.2
2
.7
9
E
−
1
1
.5
7
E
−
1
1
.3
6
E
−
2
7
.7
9
E
−
5
6
2
5
8
5
9
0
1
1
0
.2
5
0
7
.0
0
3
.5
0
3
.1
3
4
.5
4
9
3
E
−
1
8
.0
9
4
4
E
−
6
2
.3
8
4
0
E
−
2
2
0
4
8
1
0
6
4
2
0
.0
1
.3
5
E
−
1
4
.9
8
E
−
2
1
.3
5
E
−
2
1
.6
0
E
−
4
6
2
5
8
5
9
0
1
1
0
.2
5
0
1
0
.0
0
5
.0
0
4
.4
7
1
.9
9
1
2
E
−
1
4
.8
5
6
6
E
−
6
2
.7
9
1
2
E
−
2
2
0
4
8
1
0
6
4
1
5
.2
1
.2
9
E
−
1
3
.6
9
E
−
2
1
.7
5
E
−
2
2
.1
7
E
−
4
6
2
5
8
0
9
0
1
1
0
.2
5
1
2
.9
9
1
.5
0
1
.3
4
1
.0
1
1
7
E
+
1
1
.6
1
8
9
E
−
5
7
.1
5
0
2
E
−
3
2
0
4
8
1
0
6
4
3
0
.1
8
.7
3
E
−
1
4
.5
1
E
−
2
1
.2
7
E
−
2
2
.3
2
E
−
5
6
2
5
8
0
9
0
1
1
0
.2
5
0
3
.9
9
2
.0
0
1
.7
9
2
.3
7
7
4
E
+
0
1
.6
1
8
9
E
−
5
1
.4
7
4
9
E
−
2
2
0
4
8
1
0
6
4
3
0
.1
6
.5
8
E
−
1
1
.0
9
E
−
1
1
.9
4
E
−
2
4
.7
2
E
−
5
6
2
5
8
0
9
0
1
1
0
.2
5
0
4
.9
9
2
.5
0
2
.2
3
1
.1
2
3
7
E
+
0
1
.1
3
3
2
E
−
5
1
.7
9
4
9
E
−
2
2
0
4
8
1
0
6
4
2
5
.2
5
.2
8
E
−
1
1
.6
2
E
−
1
2
.1
3
E
−
2
6
.4
5
E
−
5
6
2
5
8
0
9
0
1
1
0
.2
5
0
6
.9
9
3
.4
9
3
.1
3
4
.5
4
9
3
E
−
1
8
.0
9
4
4
E
−
6
2
.3
8
4
0
E
−
2
2
0
4
8
1
0
6
4
2
0
.0
2
.3
8
E
−
1
1
.2
7
E
−
1
2
.0
5
E
−
2
1
.3
8
E
−
4
6
2
5
8
0
9
0
1
1
0
.2
5
0
9
.9
9
5
.0
0
4
.4
7
1
.9
9
1
2
E
−
1
4
.8
5
6
6
E
−
6
2
.7
9
1
2
E
−
2
2
0
4
8
1
0
6
4
1
5
.2
1
.8
9
E
−
1
8
.8
7
E
−
2
2
.2
7
E
−
2
1
.9
1
E
−
4
6
2
5
7
5
9
0
1
1
0
.2
5
1
2
.9
8
1
.4
9
1
.3
4
1
.0
1
1
7
E
+
1
1
.6
1
8
9
E
−
5
7
.1
5
0
2
E
−
3
2
0
4
8
1
0
6
4
4
0
.0
8
.5
4
E
−
1
2
.4
4
E
−
2
1
.2
7
E
−
2
2
.3
7
E
−
5
6
2
5
7
5
9
0
1
1
0
.2
5
0
3
.9
8
1
.9
9
1
.7
8
2
.3
7
7
4
E
+
0
1
.6
1
8
9
E
−
5
1
.4
7
4
9
E
−
2
2
0
4
8
1
0
6
4
3
0
.1
6
.4
5
E
−
1
7
.8
2
E
−
2
1
.9
4
E
−
2
4
.8
0
E
−
5
6
2
5
7
5
9
0
1
1
0
.2
5
0
4
.9
8
2
.4
9
2
.2
3
1
.1
2
3
7
E
+
0
1
.1
3
3
2
E
−
5
1
.7
9
4
9
E
−
2
2
0
4
8
1
0
6
4
2
5
.2
7
.7
6
E
−
1
1
.8
1
E
−
1
2
.6
9
E
−
2
5
.5
5
E
−
5
6
2
5
7
5
9
0
1
1
0
.2
5
0
6
.9
8
3
.4
9
3
.1
2
4
.5
4
9
3
E
−
1
8
.0
9
4
4
E
−
6
2
.3
8
4
0
E
−
2
2
0
4
8
1
0
6
4
2
0
.0
1
.1
1
E
+
0
1
.9
0
E
−
1
5
.5
2
E
−
2
7
.9
5
E
−
5
6
2
5
7
5
9
0
1
1
0
.2
5
0
9
.9
8
4
.9
9
4
.4
6
1
.9
9
1
2
E
−
1
4
.8
5
6
6
E
−
6
2
.7
9
1
2
E
−
2
2
0
4
8
1
0
6
4
1
5
.2
2
.5
8
E
−
1
1
.2
7
E
−
1
3
.0
9
E
−
2
1
.9
2
E
−
4
2
0
9
0
9
0
7
2
0
1
0
.2
5
0
3
.0
0
1
.5
0
1
.3
4
9
.8
7
5
5
E
+
0
5
.0
5
9
0
E
−
4
3
.9
5
0
5
E
−
2
3
2
1
0
3
2
3
9
.2
8
.6
2
E
−
1
9
.5
5
E
−
2
1
.2
9
E
−
2
7
.4
6
E
−
4
2
0
9
0
9
0
7
2
0
1
0
.2
5
0
4
.0
0
2
.0
0
1
.7
9
2
.2
9
7
5
E
+
0
5
.0
5
9
0
E
−
4
8
.1
8
5
1
E
−
2
3
2
1
0
3
2
3
9
.2
4
.4
3
E
−
1
1
.6
9
E
−
1
1
.5
8
E
−
2
1
.7
9
E
−
3
T
a
b
le
1
co
n
ti
n
u
ed
14 Tran and Sironi (draft, August 24, 2020)
T
a
b
le
1
(c
o
n
ti
n
u
ed
)
m
i
m
e
t
h
e
t
a
p
h
i
m
y
m
z
b
e
t
a
p
M
s
M
a
M
m
s
s
i
g
m
a
d
e
l
g
a
m
u
0
p
p
c
0
c
o
m
p
n
t
i
m
e
s
d
u
r
T
e
T
i
T
e
T
i
s
t
d
T
e
T
i
2
0
9
0
9
0
7
2
0
1
0
.2
5
0
5
.0
0
2
.5
0
2
.2
4
1
.0
8
7
2
E
+
0
3
.5
4
1
3
E
−
4
9
.9
5
1
2
E
−
2
3
2
1
0
3
2
2
9
.5
2
.8
3
E
−
1
1
.4
0
E
−
1
1
.3
8
E
−
2
2
.4
4
E
−
3
2
0
9
0
9
0
7
2
0
1
0
.2
5
0
6
.8
4
3
.4
2
3
.0
6
4
.6
3
6
3
E
−
1
2
.5
2
9
5
E
−
4
1
.2
8
6
8
E
−
1
3
2
1
0
3
2
2
4
.5
2
.1
3
E
−
1
8
.3
7
E
−
2
1
.7
3
E
−
2
4
.0
7
E
−
3
2
0
9
0
9
0
7
2
0
1
0
.2
5
0
9
.9
3
4
.9
7
4
.4
4
1
.9
2
8
9
E
−
1
1
.5
1
7
7
E
−
4
1
.5
4
3
9
E
−
1
3
2
1
0
3
2
1
9
.6
1
.8
5
E
−
1
8
.6
6
E
−
2
2
.3
4
E
−
2
6
.3
3
E
−
3
2
0
9
0
9
0
7
2
0
1
0
.2
5
0
1
5
.1
2
7
.5
6
6
.7
6
7
.9
4
6
3
E
−
2
5
.0
5
9
0
E
−
5
1
.3
8
9
6
E
−
1
3
2
1
0
3
2
1
4
.7
1
.7
0
E
−
1
4
.1
4
E
−
2
1
.8
2
E
−
2
5
.3
6
E
−
3
2
0
9
0
9
0
9
6
0
1
0
.2
5
0
2
0
.2
7
1
0
.1
4
9
.0
7
4
.3
4
8
3
E
−
2
2
.5
2
9
5
E
−
5
1
.3
2
8
5
E
−
1
3
2
1
0
3
2
1
4
.7
1
.6
4
E
−
1
4
.3
6
E
−
2
1
.6
9
E
−
2
5
.1
5
E
−
3
4
9
9
0
9
0
1
4
4
0
1
0
.2
5
0
3
.0
0
1
.5
0
1
.3
4
1
.0
0
2
0
E
+
1
2
.0
6
4
9
E
−
4
2
.5
4
2
0
E
−
2
3
2
1
0
3
2
3
9
.5
8
.5
3
E
−
1
1
.0
9
E
−
1
1
.2
8
E
−
2
3
.0
7
E
−
4
4
9
9
0
9
0
1
4
4
0
1
0
.2
5
0
4
.0
0
2
.0
0
1
.7
9
2
.3
4
5
3
E
+
0
2
.0
6
4
9
E
−
4
5
.2
5
2
8
E
−
2
3
2
1
0
3
2
3
9
.5
4
.7
8
E
−
1
2
.1
1
E
−
1
1
.5
9
E
−
2
6
.7
8
E
−
4
4
9
9
0
9
0
1
4
4
0
1
0
.2
5
0
5
.0
0
2
.5
0
2
.2
4
1
.1
0
9
0
E
+
0
1
.4
4
5
4
E
−
4
6
.3
8
9
9
E
−
2
3
2
1
0
3
2
2
5
.0
3
.3
7
E
−
1
1
.7
1
E
−
1
1
.5
4
E
−
2
9
.3
2
E
−
4
4
9
9
0
9
0
1
4
4
0
1
0
.2
5
0
6
.8
5
3
.4
2
3
.0
6
4
.7
2
5
6
E
−
1
1
.0
3
2
5
E
−
4
8
.2
7
0
3
E
−
2
3
2
1
0
3
2
2
5
.6
3
.2
6
E
−
1
1
.4
3
E
−
1
2
.3
5
E
−
2
1
.4
7
E
−
3
4
9
9
0
9
0
1
4
4
0
1
0
.2
5
0
9
.9
7
4
.9
8
4
.4
6
1
.9
6
9
6
E
−
1
6
.1
9
4
7
E
−
5
9
.9
1
9
2
E
−
2
3
2
1
0
3
2
2
5
.0
2
.7
5
E
−
1
6
.9
7
E
−
2
3
.2
2
E
−
2
2
.3
9
E
−
3
4
9
9
0
9
0
7
2
0
1
0
.2
5
0
1
5
.1
6
7
.5
8
6
.7
8
8
.0
6
2
5
E
−
2
2
.0
6
4
9
E
−
5
8
.9
5
3
0
E
−
2
1
2
8
1
0
3
2
1
5
.0
1
.8
1
E
−
1
4
.4
6
E
−
2
1
.9
2
E
−
2
2
.1
6
E
−
3
4
9
9
0
9
0
7
2
0
1
0
.2
5
0
2
0
.3
3
1
0
.1
7
9
.0
9
4
.4
0
3
2
E
−
2
1
.0
3
2
5
E
−
5
8
.5
6
7
2
E
−
2
1
2
8
1
0
3
2
1
4
.9
1
.3
2
E
−
1
3
.7
6
E
−
2
1
.4
2
E
−
2
2
.1
9
E
−
3
4
9
9
0
9
0
3
6
0
1
0
.2
5
0
3
0
.6
3
1
5
.3
2
1
3
.7
0
1
.9
1
5
7
E
−
2
4
.1
2
9
8
E
−
6
8
.2
1
5
3
E
−
2
1
2
8
1
0
3
2
1
0
.0
1
.1
4
E
−
1
3
.6
7
E
−
2
1
.1
1
E
−
2
1
.9
7
E
−
3
2
0
0
9
0
9
0
1
4
4
0
1
0
.2
5
0
3
.0
0
1
.5
0
1
.3
4
1
.0
0
9
9
E
+
1
5
.0
5
9
0
E
−
5
1
.2
6
2
9
E
−
2
3
2
1
0
3
2
3
3
.1
8
.5
4
E
−
1
1
.1
6
E
−
1
1
.2
8
E
−
2
7
.4
9
E
−
5
2
0
0
9
0
9
0
1
4
4
0
1
0
.2
5
0
4
.0
0
2
.0
0
1
.7
9
2
.3
7
1
5
E
+
0
5
.0
5
9
0
E
−
5
2
.6
0
6
0
E
−
2
3
2
1
0
3
2
3
9
.3
5
.4
0
E
−
1
2
.0
4
E
−
1
1
.8
0
E
−
2
1
.6
6
E
−
4
2
0
0
9
0
9
0
1
4
4
0
1
0
.2
5
0
5
.0
0
2
.5
0
2
.2
4
1
.1
2
1
0
E
+
0
3
.5
4
1
3
E
−
5
3
.1
7
1
1
E
−
2
3
2
1
0
3
2
2
9
.0
4
.7
5
E
−
1
2
.0
0
E
−
1
2
.0
3
E
−
2
2
.1
4
E
−
4
2
0
0
9
0
9
0
1
4
4
0
1
0
.2
5
0
6
.8
6
3
.4
3
3
.0
7
4
.7
7
4
4
E
−
1
2
.5
2
9
5
E
−
5
4
.1
0
6
4
E
−
2
3
2
1
0
3
2
2
1
.5
3
.6
6
E
−
1
1
.5
2
E
−
1
2
.6
7
E
−
2
3
.6
5
E
−
4
2
0
0
9
0
9
0
1
4
4
0
1
0
.2
5
0
9
.9
8
4
.9
9
4
.4
6
1
.9
9
1
8
E
−
1
1
.5
1
7
7
E
−
5
4
.9
2
4
1
E
−
2
3
2
1
0
3
2
2
0
.0
3
.7
3
E
−
1
1
.1
6
E
−
1
3
.9
1
E
−
2
5
.2
4
E
−
4
2
0
0
9
0
9
0
1
4
4
0
1
0
.2
5
0
1
5
.1
8
7
.5
9
6
.7
9
8
.1
2
5
9
E
−
2
5
.0
5
9
0
E
−
6
4
.4
5
1
2
E
−
2
3
2
1
0
3
2
1
5
.0
2
.4
4
E
−
1
7
.4
4
E
−
2
2
.5
1
E
−
2
5
.1
4
E
−
4
2
0
0
9
0
9
0
1
4
4
0
1
0
.2
5
0
2
0
.3
6
1
0
.1
8
9
.1
1
4
.4
3
3
1
E
−
2
2
.5
2
9
5
E
−
6
4
.2
6
1
4
E
−
2
6
4
1
0
3
2
1
0
.2
1
.5
1
E
−
1
6
.2
5
E
−
2
1
.5
5
E
−
2
5
.1
3
E
−
4
4
9
9
0
9
0
1
9
2
1
9
2
0
.2
5
0
4
.0
0
2
.0
0
1
.7
9
2
.3
4
5
3
E
+
0
2
.0
6
4
9
E
−
4
5
.2
5
2
8
E
−
2
3
2
1
0
3
2
2
4
.1
4
.6
5
E
−
1
2
.2
3
E
−
1
1
.5
7
E
−
2
6
.9
0
E
−
4
4
9
9
0
9
0
1
9
2
1
9
2
0
.2
5
0
5
.0
0
2
.5
0
2
.2
4
1
.1
0
9
0
E
+
0
1
.4
4
5
4
E
−
4
6
.3
8
9
9
E
−
2
3
2
1
0
3
2
3
5
.3
3
.3
7
E
−
1
2
.0
7
E
−
1
1
.5
7
E
−
2
9
.5
4
E
−
4
4
9
9
0
9
0
1
9
2
3
8
4
0
.2
5
0
6
.8
5
3
.4
2
3
.0
6
4
.7
2
5
6
E
−
1
1
.0
3
2
5
E
−
4
8
.2
7
0
3
E
−
2
3
2
1
0
3
2
1
7
.4
2
.7
4
E
−
1
1
.4
0
E
−
1
2
.1
2
E
−
2
1
.5
8
E
−
3
4
9
9
0
9
0
1
9
2
1
9
2
0
.2
5
0
9
.9
7
4
.9
8
4
.4
6
1
.9
6
9
6
E
−
1
6
.1
9
4
7
E
−
5
9
.9
1
9
2
E
−
2
3
2
1
0
3
2
1
5
.0
2
.3
7
E
−
1
1
.6
1
E
−
1
2
.8
4
E
−
2
2
.4
5
E
−
3
4
9
9
0
9
0
1
9
2
1
9
2
0
.2
5
0
1
5
.1
6
7
.5
8
6
.7
8
8
.0
6
2
5
E
−
2
2
.0
6
4
9
E
−
5
8
.9
5
3
0
E
−
2
3
2
1
0
3
2
8
.9
1
.5
0
E
−
1
7
.6
2
E
−
2
1
.5
8
E
−
2
2
.1
6
E
−
3
4
9
9
0
9
0
1
4
4
0
1
0
.1
2
5
4
.0
0
1
.4
1
1
.3
3
1
.1
5
3
7
E
+
1
2
.0
6
4
9
E
−
4
3
.3
5
0
0
E
−
2
3
2
1
0
3
2
2
4
.8
7
.7
1
E
−
1
1
.3
2
E
−
1
1
.2
8
E
−
2
3
.3
8
E
−
4
4
9
9
0
9
0
1
4
4
0
1
0
.1
2
5
5
.0
0
1
.7
7
1
.6
7
3
.4
5
6
5
E
+
0
1
.4
4
5
4
E
−
4
5
.1
1
9
7
E
−
2
3
2
1
0
3
2
2
4
.8
4
.1
4
E
−
1
1
.9
8
E
−
1
1
.0
6
E
−
2
5
.2
2
E
−
4
4
9
9
0
9
0
1
4
4
0
1
0
.1
2
5
6
.6
8
2
.3
6
2
.2
3
1
.2
4
3
1
E
+
0
1
.0
3
2
5
E
−
4
7
.2
1
2
8
E
−
2
3
2
1
0
3
2
2
5
.0
2
.4
2
E
−
1
1
.3
5
E
−
1
1
.1
4
E
−
2
9
.6
6
E
−
4
4
9
9
0
9
0
1
4
4
0
1
0
.1
2
5
9
.7
8
3
.4
6
3
.2
6
4
.4
9
2
7
E
−
1
6
.1
9
4
7
E
−
5
9
.2
8
9
4
E
−
2
3
2
1
0
3
2
2
4
.8
3
.0
9
E
−
1
1
.3
4
E
−
1
2
.6
8
E
−
2
1
.7
7
E
−
3
4
9
9
0
9
0
1
4
4
0
1
0
.1
2
5
1
4
.9
9
5
.3
0
5
.0
0
1
.7
1
2
2
E
−
1
2
.0
6
4
9
E
−
5
8
.6
8
8
8
E
−
2
3
2
1
0
3
2
2
0
.1
2
.6
5
E
−
1
8
.5
1
E
−
2
2
.3
2
E
−
2
1
.7
9
E
−
3
4
9
9
0
9
0
1
4
4
0
1
0
.1
2
5
2
0
.1
9
7
.1
4
6
.7
3
9
.1
1
4
8
E
−
2
1
.0
3
2
5
E
−
5
8
.4
2
1
3
E
−
2
3
2
1
0
3
2
1
5
.1
2
.1
0
E
−
1
6
.0
1
E
−
2
1
.8
8
E
−
2
1
.8
3
E
−
3
4
9
9
0
9
0
3
6
0
1
0
.1
2
5
3
0
.5
3
1
0
.7
9
1
0
.1
8
3
.8
9
1
6
E
−
2
4
.1
2
9
8
E
−
6
8
.1
5
1
6
E
−
2
1
2
8
1
0
3
2
1
0
.1
1
.4
7
E
−
1
8
.2
8
E
−
2
1
.3
6
E
−
2
1
.8
9
E
−
3
4
9
9
0
9
0
7
2
0
1
0
.5
0
0
2
.0
0
1
.4
1
1
.1
5
3
.5
8
0
5
E
+
1
2
.0
6
4
9
E
−
4
9
.5
0
9
2
E
−
3
3
2
1
0
3
2
3
8
.8
9
.9
5
E
−
1
6
.6
2
E
−
2
1
.1
4
E
−
2
2
.3
4
E
−
4
4
9
9
0
9
0
1
4
4
0
1
0
.5
0
0
3
.0
0
2
.1
2
1
.7
3
2
.2
3
1
0
E
+
0
2
.0
6
4
9
E
−
4
3
.8
0
8
8
E
−
2
3
2
1
0
3
2
3
8
.8
6
.1
7
E
−
1
1
.7
0
E
−
1
1
.5
4
E
−
2
5
.0
9
E
−
4
4
9
9
0
9
0
1
4
4
0
1
0
.5
0
0
3
.8
7
2
.7
4
2
.2
4
9
.2
6
3
9
E
−
1
2
.0
6
4
9
E
−
4
5
.9
0
9
3
E
−
2
3
2
1
0
3
2
2
5
.9
3
.9
9
E
−
1
1
.4
1
E
−
1
1
.9
3
E
−
2
9
.8
5
E
−
4
4
9
9
0
9
0
1
4
4
0
1
0
.5
0
0
4
.9
0
3
.4
7
2
.8
3
4
.8
2
3
6
E
−
1
1
.4
4
5
4
E
−
4
6
.8
5
0
6
E
−
2
3
2
1
0
3
2
2
6
.0
4
.0
0
E
−
1
1
.2
9
E
−
1
2
.3
0
E
−
2
1
.1
7
E
−
3
4
9
9
0
9
0
1
4
4
0
1
0
.5
0
0
6
.9
8
4
.9
3
4
.0
3
2
.0
6
3
9
E
−
1
1
.0
3
2
5
E
−
4
8
.8
4
7
7
E
−
2
3
2
1
0
3
2
2
5
.6
2
.8
0
E
−
1
5
.2
2
E
−
2
2
.8
1
E
−
2
2
.0
4
E
−
3
4
9
9
0
9
0
1
4
4
0
1
0
.5
0
0
1
0
.0
8
7
.1
3
5
.8
2
9
.2
0
8
4
E
−
2
6
.1
9
4
7
E
−
5
1
.0
2
5
7
E
−
1
3
2
1
0
3
2
2
5
.5
2
.0
5
E
−
1
3
.5
5
E
−
2
2
.9
4
E
−
2
2
.9
4
E
−
3
4
9
9
0
9
0
1
4
4
0
1
0
.5
0
0
1
5
.2
6
1
0
.7
9
8
.8
1
3
.9
0
9
5
E
−
2
2
.0
6
4
9
E
−
5
9
.0
9
1
0
E
−
2
3
2
1
0
3
2
1
9
.9
1
.4
7
E
−
1
1
.9
9
E
−
2
1
.7
8
E
−
2
2
.4
7
E
−
3
4
9
9
0
9
0
1
4
4
0
1
1
.0
0
0
2
.0
0
2
.0
0
1
.4
1
4
.4
8
0
2
E
+
0
2
.0
6
4
9
E
−
4
1
.9
0
0
8
E
−
2
3
2
1
0
3
2
2
5
.0
9
.1
9
E
−
1
1
.3
9
E
−
1
1
.3
4
E
−
2
2
.9
7
E
−
4
T
a
b
le
1
co
n
ti
n
u
ed
Perpendicular shock electron heating (draft, August 24, 2020) 15
T
a
b
le
1
(c
o
n
ti
n
u
ed
)
m
i
m
e
t
h
e
t
a
p
h
i
m
y
m
z
b
e
t
a
p
M
s
M
a
M
m
s
s
i
g
m
a
d
e
l
g
a
m
u
0
p
p
c
0
c
o
m
p
n
t
i
m
e
s
d
u
r
T
e
T
i
T
e
T
i
s
t
d
T
e
T
i
4
9
9
0
9
0
1
4
4
0
1
1
.0
0
0
3
.0
0
3
.0
0
2
.1
2
8
.2
0
3
4
E
−
1
2
.0
6
4
9
E
−
4
4
.4
4
1
2
E
−
2
3
2
1
0
3
2
2
5
.0
5
.1
8
E
−
1
1
.5
5
E
−
1
1
.7
6
E
−
2
6
.9
5
E
−
4
4
9
9
0
9
0
1
4
4
0
1
1
.0
0
0
4
.0
0
4
.0
0
2
.8
3
3
.6
2
9
9
E
−
1
2
.0
6
4
9
E
−
4
6
.6
7
4
5
E
−
2
3
2
1
0
3
2
2
5
.0
3
.6
4
E
−
1
1
.0
8
E
−
1
2
.3
7
E
−
2
1
.3
3
E
−
3
4
9
9
0
9
0
1
4
4
0
1
1
.0
0
0
4
.9
9
4
.9
9
3
.5
3
2
.1
0
8
3
E
−
1
1
.4
4
5
4
E
−
4
7
.3
2
6
5
E
−
2
3
2
1
0
3
2
2
4
.8
3
.4
2
E
−
1
8
.2
8
E
−
2
2
.5
5
E
−
2
1
.5
2
E
−
3
4
9
9
0
9
0
1
4
4
0
1
1
.0
0
0
7
.0
6
7
.0
6
4
.9
9
9
.6
3
3
3
E
−
2
1
.0
3
2
5
E
−
4
9
.1
5
6
9
E
−
2
3
2
1
0
3
2
2
4
.8
2
.1
8
E
−
1
3
.8
4
E
−
2
2
.5
4
E
−
2
2
.3
7
E
−
3
4
9
9
0
9
0
1
4
4
0
1
1
.0
0
0
1
0
.1
5
1
0
.1
5
7
.1
8
4
.4
4
9
0
E
−
2
6
.1
9
4
7
E
−
5
1
.0
4
3
4
E
−
1
3
2
1
0
3
2
2
5
.0
1
.5
9
E
−
1
2
.5
3
E
−
2
2
.4
9
E
−
2
3
.1
9
E
−
3
4
9
9
0
9
0
1
4
4
0
1
1
.0
0
0
1
5
.3
1
1
5
.3
1
1
0
.8
2
1
.9
2
4
6
E
−
2
2
.0
6
4
9
E
−
5
9
.1
6
1
9
E
−
2
3
2
1
0
3
2
2
4
.8
1
.3
2
E
−
1
1
.9
1
E
−
2
1
.6
4
E
−
2
2
.5
3
E
−
3
4
9
9
0
9
0
1
4
4
0
1
2
.0
0
0
2
.0
0
2
.8
3
1
.6
3
1
.4
3
4
4
E
+
0
2
.0
6
4
9
E
−
4
2
.3
7
5
4
E
−
2
3
2
1
0
3
2
2
4
.8
8
.5
6
E
−
1
1
.8
6
E
−
1
1
.5
0
E
−
2
3
.5
8
E
−
4
4
9
9
0
9
0
1
4
4
0
1
2
.0
0
0
3
.0
0
4
.2
4
2
.4
5
3
.5
7
4
7
E
−
1
2
.0
6
4
9
E
−
4
4
.7
5
7
2
E
−
2
3
2
1
0
3
2
2
4
.8
5
.2
4
E
−
1
9
.7
3
E
−
2
2
.0
4
E
−
2
7
.9
3
E
−
4
4
9
9
0
9
0
1
5
1
2
1
2
.0
0
0
4
.0
0
5
.6
6
3
.2
7
1
.6
9
2
7
E
−
1
2
.0
6
4
9
E
−
4
6
.9
1
1
0
E
−
2
3
2
1
0
3
2
2
7
.8
3
.3
9
E
−
1
4
.3
4
E
−
2
2
.6
3
E
−
2
1
.5
9
E
−
3
4
9
9
0
9
0
1
5
1
2
1
2
.0
0
0
5
.0
0
7
.0
7
4
.0
8
1
.0
0
1
2
E
−
1
2
.0
6
4
9
E
−
4
8
.9
8
2
4
E
−
2
3
2
1
0
3
2
2
4
.6
2
.5
8
E
−
1
3
.8
6
E
−
2
3
.2
1
E
−
2
2
.5
5
E
−
3
4
9
9
0
9
0
1
4
4
0
1
2
.0
0
0
7
.1
1
1
0
.0
5
5
.8
0
4
.6
5
0
6
E
−
2
1
.0
3
2
5
E
−
4
9
.3
1
8
6
E
−
2
3
2
1
0
3
2
2
4
.9
1
.8
6
E
−
1
2
.3
2
E
−
2
2
.4
2
E
−
2
2
.6
6
E
−
3
4
9
9
0
9
0
2
0
1
6
1
2
.0
0
0
1
0
.1
9
1
4
.4
1
8
.3
2
2
.1
8
6
1
E
−
2
6
.1
9
4
7
E
−
5
1
.0
5
2
5
E
−
1
3
2
1
0
3
2
1
8
.8
1
.3
3
E
−
1
1
.2
9
E
−
2
2
.2
6
E
−
2
3
.4
6
E
−
3
4
9
9
0
9
0
1
4
4
0
1
2
.0
0
0
1
5
.3
3
2
1
.6
9
1
2
.5
2
9
.5
4
7
7
E
−
3
2
.0
6
4
9
E
−
5
9
.1
9
7
8
E
−
2
3
2
1
0
3
2
1
2
.0
1
.2
2
E
−
1
2
.3
6
E
−
2
1
.5
7
E
−
2
2
.6
3
E
−
3
4
9
9
0
9
0
1
4
4
0
1
4
.0
0
0
2
.0
0
4
.0
0
1
.7
9
5
.9
2
8
5
E
−
1
2
.0
6
4
9
E
−
4
2
.6
1
2
6
E
−
2
3
2
1
0
3
2
2
5
.1
8
.3
5
E
−
1
1
.8
7
E
−
1
1
.6
2
E
−
2
3
.9
6
E
−
4
4
9
9
0
9
0
1
5
1
2
1
4
.0
0
0
3
.0
0
6
.0
0
2
.6
8
1
.6
7
4
3
E
−
1
2
.0
6
4
9
E
−
4
4
.9
1
5
1
E
−
2
3
2
1
0
3
2
2
3
.8
4
.9
0
E
−
1
6
.7
6
E
−
2
2
.2
1
E
−
2
9
.1
9
E
−
4
4
9
9
0
9
0
1
5
1
2
1
4
.0
0
0
4
.0
0
8
.0
0
3
.5
8
8
.1
8
1
0
E
−
2
2
.0
6
4
9
E
−
4
7
.0
2
9
2
E
−
2
3
2
1
0
3
2
3
4
.3
3
.4
5
E
−
1
4
.1
7
E
−
2
2
.7
9
E
−
2
1
.6
5
E
−
3
4
9
9
0
9
0
1
5
1
2
1
4
.0
0
0
5
.0
0
1
0
.0
0
4
.4
7
4
.9
0
2
3
E
−
2
2
.0
6
4
9
E
−
4
9
.0
7
6
7
E
−
2
3
2
1
0
3
2
3
6
.6
2
.6
0
E
−
1
2
.3
0
E
−
2
3
.3
2
E
−
2
2
.6
1
E
−
3
4
9
9
0
9
0
1
4
4
0
1
4
.0
0
0
7
.1
3
1
4
.2
7
6
.3
8
2
.2
8
4
3
E
−
2
1
.0
3
2
5
E
−
4
9
.4
0
1
7
E
−
2
3
2
1
0
3
2
2
5
.1
1
.6
9
E
−
1
1
.4
6
E
−
2
2
.3
1
E
−
2
2
.7
9
E
−
3
4
9
9
0
9
0
2
1
6
0
1
4
.0
0
0
1
0
.2
1
2
0
.4
2
9
.1
3
1
.0
8
3
5
E
−
2
6
.1
9
4
7
E
−
5
1
.0
5
7
1
E
−
1
3
2
1
0
3
2
1
9
.0
1
.3
5
E
−
1
1
.2
2
E
−
2
2
.3
3
E
−
2
3
.5
2
E
−
3
N
o
t
e
—
T
a
b
le
1
is
a
v
a
il
a
b
le
in
a
m
a
ch
in
e
-r
e
a
d
a
b
le
C
S
V
fo
rm
a
t
in
th
e
o
n
li
n
e
jo
u
rn
a
l.
